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sulfate reduction pathway. Its 3-dimensional model was gener-
ated allowing the oxidized riboﬂavin-5 0-phosphate (FMN) site
to be predicted. Residues likely to be involved in FMN-binding
were identiﬁed (N29, W35, T56, K92, H131 and F164) and
mutated to alanine. Fluorescence titration with apoprotein
showed that FMN is strongly bound in the wild-type protein.
Comparison of Kd values for mutants suggests that interactions
with the phosphate group of FMN, contribute more to binding
than the interactions with the isoalloxazine ring. The redox
potential of bound FMN determined for wild-type and mutants
revealed shifts to less negative values. These ﬁndings were corre-
lated with the protein structure in order to contribute to a better
understanding of the structure–function relationships in ﬂavore-
doxin.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Flavoredoxin (Flr) is a 194 amino acid protein, isolated as a
homodimer containing one oxidized riboﬂavin-5 0-phosphate
(FMN) per 25 kDa monomer [1]. Initially proposed to act asAbbreviations: FAD, oxidized and reduced ﬂavin adenine dinucleotide;
FMN, FMNH2, oxidized and reduced riboﬂavin-5
0-phosphate; Flr,
ﬂavoredoxin; apoFlr, apoprotein form of ﬂavoredoxin; ﬂr, gene
encoding ﬂavoredoxin; H6Flr, 6His-tagged recombinant ﬂavoredoxin;
Kd, dissociation constant; FMN-bp, FMN-binding protein; Kd,ox,
Kd,red, dissociation constant in the oxidized and reduced forms; Ef, Eb,
redox potential of free and bound FMN
*Corresponding author. Fax: +351 214433644.
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He played a crucial role in the ﬁeld of Bioinorganic Chemistry being
the founder of ITQB and contributing to the understanding of the
energy transduction of the anaerobe bacteria in particular the one of
D. gigas.
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doi:10.1016/j.febslet.2007.08.009a redox carrier in bisulﬁte reduction by molecular hydrogen,
recent studies have however shown its involvement in thiosul-
fate reduction [2].
Proteins from the ﬂavin reductase family catalyse the reduc-
tion of free ﬂavins by reduced nicotinamide nucleotides, the
majority of which prefer FMN rather than FAD both as cofac-
tor in the enzyme and as the reducible substrate. Yet, in spite
of their involvement in a variety of biological processes [3], the
function of the reduced free ﬂavin produced in the reaction is
poorly understood. In most cases, the ﬂavin cofactor remains
bound to the protein during enzyme isolation, indicating that
the protein–ﬂavin interaction is strong [4]. In other cases, the
cofactor is weakly bound since the enzyme is isolated as an
apoprotein [5].
Sequence analysis of Flr did not allow to identify motifs
likely to form the FMN-binding site [6]. Three-dimensional
structures have been determined for several proteins in the
ﬂavin reductase family [4,7,8], two of them sharing sequence
homology, namely ferric reductase from Archaeoglobus fulgi-
dus (PDB 1I0R) and an FMN-binding protein from Methano-
bacterium thermoautotrophicum (PDB 1EJE). These structures
and comparative modeling allowed us to identify a potential
FMN-binding site and to predict amino acids likely to interact
with the ﬂavin. Experimental validation of these predictions
showed that, by comparison with other ﬂavin reductases, Flr
has a high aﬃnity for FMN and they provide evidence that
residues N29, T56 and K92, located near the FMN phosphate
group, are important for FMN-binding.2. Materials and methods
2.1. Comparative modeling of Flr
A model for the structure of Flr dimer was derived using compara-
tive modeling methods as described in Supplementary data.2.2. Cloning, expression, puriﬁcation and site-directed mutagenesis
The gene encoding Flr (ﬂr) was cloned in the expression vector
pET30a (+) (Novagen, Darmstadt, Germany), site-directed mutagene-
sis was carried out according to the quikchange site-directed muta-
genesis kit instruction manual (Stratagene, Beverly, MA, USA) and
molecular mass and protein concentration were estimated as described
in Supplementary data.blished by Elsevier B.V. All rights reserved.
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The ﬂavin cofactor in the recombinant protein was extracted by boil-
ing the protein for 10 min. The nature of the cofactor was determined
by HPLC analysis (Nova Pak Waters Column, C18 60 A˚,
3.9 · 150 mm), comparing its retention time with that of authentic
FMN (Sigma, St Louis. MO, USA). The molar ratio of FMN to pro-
tein was determined as previously described [9].
2.4. UV–visible absorption spectra
UV–visible absorption spectra of holo- and apoproteins were re-
corded with Shimadzu Scientiﬁc Instruments UV-3100 or Cary 50
spectrophotometers at room temperature in 20 mM Tris–HCl pH 7.5
and 100 mM K2HPO4, 0.5 mM EDTA, pH 7.0, 25% (v/v) ethylene gly-
col, respectively. Extinction coeﬃcients for oxidized 6His-tagged re-
combinant ﬂavoredoxin (H6Flr) and its mutants were determined in
duplicate in 20 mM Tris–HCl pH 7.5 [9]. The absorption spectrum
of 0.5 mg of protein in 0.5 ml was determined. The FMN was then re-
moved and the supernatant containing the free FMN was measured
and its absorption spectrum recorded. The extinction coeﬃcients used
for free FMN were 12020 M1 cm1 at 445 nm and 10200 M1 cm1
at 380 nm [10].
2.5. Preparation of apoFlr and reconstitution of the holoprotein
The apoproteins of H6Flr and its mutants were obtained by chroma-
tography on phenyl-Sepharose (Sigma) in 1 M ammonium sulfate [11].
FMN was removed from the bound protein by decreasing the pH to
2.5–3. The apoﬂavoproteins were stored at 4 C with 25% (v/v) ethyl-Fig. 1. 3D model of Flr derived by comparative modeling: (a) FMN-bindin
chains (labeled) rendered using thick sticks. A nickel ion is rendered using a
sticks. FMN carbon atoms are colored green to distinguish this group from
hydrogen bonds are represented by dashed lines. (b) Same as (a), but for ferr
Pymol (http://www.pymol.org).ene glycol. The holoproteins were reconstituted by incubating apo-
H6Flr with excess FMN [12]; and the excess removed with an Amicon
Ultra-30.
2.6. Determination of dissociation constants
Dissociation constant values for the complex of FMN and apopro-
tein were determined by ﬂuorescence titration of FMN with the apo-
protein as described in Supplementary data.
2.7. Anaerobic redox titration and data analysis
Oxidation–reduction potentials were determined by potentiometry
with a platinum electrode to sense the potential and with a silver/silver
chloride electrode as reference (Crison Instruments) and performed as
in Supplementary data.3. Results
3.1. Prediction of FMN-binding sites by comparative modeling
Most of the FMN interactions are with the backbone of the
protein, but some occur with amino acid side chains, as indi-
cated in Fig. 1c. The residues that make up the FMN-binding
pocket of Flr can be compared with: (i) those in ferric reduc-
tase and FMN-bp (FMN-binding protein), (Fig. 1a and b)
and (ii) those of highly homologous ﬂavoredoxins from Desulf-g pocket of the FMN-bp, with the FMN and directly contacting side-
sphere and the main-chain of the protein around this zone using thin
the rest of the protein whose carbon atoms are in yellow. Potential
ic reductase. (c) Same as (a), but for Flr. Figures were produced using
M. Broco et al. / FEBS Letters 581 (2007) 4397–4402 4399ovibrio vulgaris and Geobacter sulforreducens. Of the residues
highlighted in Fig. 1a, only T56 and H131 are strictly con-
served; T56 establishes a hydrogen bond with one of the oxy-
gen atoms of the phosphate group, while H131 seems to
interact through hydrogen-bonding with the isoalloxazine
structure. K92 or its equivalent in all except FMN-bp contacts
with the negatively-charged phosphate group of FMN, sug-
gesting that a positive charge is required at this position (Fig
1a). Therefore, these residues of Flr were mutated for further
analysis. Other residues were considered important in FMN
binding although they are not strictly conserved in the diﬀerent
proteins. N29 is hydrogen-bonded to the phosphate of FMN
in all ﬁve structures, except in ferric reductase (Fig. 1b), in
which a serine residue has the same spatial position. Similarly,
F164 in Flr is located close to the dimethylisoalloxazine struc-
ture of the FMN, in a position that is occupied by an aromatic
residue (phenylalanine, tyrosine or histidine) in all ﬁve struc-
tures. N29 and F164 were also subjected to mutational
analysis. W35, which contacts the most polar edge of the iso-
alloxazine structure, possibly establishing p interactions
between the two aromatic systems, is conserved in ﬂavoredox-
ins from Desulfovibrio gigas, D. vulgaris and G. sulforreducens
being chosen for mutation.
3.2. Characterization of H6Flr and H6mutant proteins
Puriﬁed preparations of H6Flr and most of its mutants are
yellow as expected for a ﬂavin-containing protein. The chro-
mophore of H6Flr was conﬁrmed to be FMN by heat denatur-
ation at a ration 0.9–1 FMN:protein. The FMN content
determined for most of the mutants was similar. The FMN
content of one of the single mutants (T56A), one of the double
mutants (T56A, K92A) and of the triple mutant (N29A, T56A,
K92A) was found to be less than 1 mol per mol of protein
unless the protein was ﬁrst treated with excess FMN, and
the excess then removed before determining the ﬂavin content.
This showed that FMN binding sites of these three mutants are
not saturated when the proteins are isolated, and that the apo-
proteins survive the puriﬁcation procedure in a form still able
to bind FMN.
The UV–visible absorption spectrum of H6Flr has peaks at
273, 379 and 453 nm and a shoulder at 475 nm (Table 1).
The peaks in the visible region are red-shifted by comparison
with those of protein-free FMN (kmax = 373 and 445 nm).
The spectrum is very similar to that of native Flr indicatingTable 1
The spectral properties of H6Flr and mutant ﬂavoredoxins in the oxidized f
Protein kmax (nm) emax (
I II III III
H6Flr 274 379 453 24.9
N29A 274 381 454 26.8
W35A 274 381 455 26.4
K92A 275 378 454 26.3
H131A 274 381 456 26.8
F164A 275 380 453 25.9
N29AT56A 275 380 454 27.6
N29AK92A 275 379 454 25.8
W35AF164A 275 380 454 25.8
T56AK92A 274 378 453 25.9
N29AT56AK92A 274 376 453 27.1
The UV–visible spectra were obtained in 20 mM Tris–HCl pH 7.5. The r
ﬂuorescence at the beginning and at the end of a titration of FMN with eacthat as predicted from the structure modeled, the His-tag at
the N-terminus of the recombinant protein does not aﬀect
the ﬂavin chromophore. The absorbance ratio A274 nm/
A379 nm/A453 nm for native and recombinant Flr is 3.8/0.84/1
and 3.7/0.83/1 respectively. Values for the extinction coeﬃ-
cients at the ﬂavin absorption peaks were determined (Table
1) being similar to that of free FMN at 445 nm [10].
The absorption spectra of the mutant proteins closely resem-
ble that of H6Flr, showing only small shifts in the two peaks in
the visible region (data not shown). The shoulder on the long-
wavelength side of the peak at 453 nm of the wild-type protein
is also present in the spectra of the mutants, but in W35A,
H131A and W35A, F164A mutants it is red-shifted 5 nm.
The extinction coeﬃcients at the peaks in the spectra of the
mutants are similar to those of the H6Flr and native protein,
as are the absorbance ratios of the peaks (Table 1).
3.3. Eﬀect of the mutations in the oxidation–reduction potentials
The redox potential determined at pH 7.5 for H6Flr is
329 mV (Table 2 and Fig. 2A and B), being similar to the
one determined for native Flr (348 mV at pH 7.5) [1]. The
corresponding value for the overall 2-electron reduction of
FMN at pH 7.5 is 228 mV [13], showing that binding by
the wild-type apoprotein causes a considerable shift. The single
mutants that had the largest eﬀects were N29A and T56A,
both presenting redox potential of 285 mV (Table 2). The
double mutant N29A, K92A gave a similar value, while the
double mutant W35A, F164A gave a value intermediate be-
tween that of the wild-type and N29A, K92A. In contrast,
the redox potentials of two other double mutants (N29A,
T56A and T56A, K92A) and of the triple mutant (N29A,
T56A, K92A) showed much greater shifts. The potentials mea-
sured for the T56A, K92A mutant (200 mV), and for the tri-
ple mutant (180 mV) are even less negative than the redox
potential of free FMN.
3.4. Flavin-binding properties of apo-Flr
A pH value of 3 caused dissociation of the ﬂavin from wild-
type H6Flr and all the mutants except one; a pH value of 2.5
was required in the case of the H131A mutant. The optical
absorption spectrum of apo-Flr has a maximum at 278 nm
and does not absorb in the visible region, showing that all of
the ﬂavin was removed by the acid treatment (data not shown).
Addition of apo-Flr to FMN causes the absorbance peaks toorm
mM1 cm1) Residual ﬂuorescence (%)
eI/eIII eIII/eII
3.7 1.24 5.3
3.8 1.16 4.6
3.8 1.16 32.7
4.2 1.13 6.9
3.6 1.17 6.1
5.1 1.17 7.0
4.3 1.19 5.3
4.2 1.11 7.1
4.0 1.13 25.5
3.8 1.27 4.3
3.9 1.27 4.9
esidual ﬂuorescence was determined from the diﬀerence between the
h apoprotein.
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Fig. 2. (A) Anaerobic redox titration of 25 lMH6Flr with sodium dithionite at pH 7.5 in 20 mM Tris–HCl at 25 C. (B) The midpoint potential was
determined by ﬁtting the experimental data to the Nernst equation for a 2-electron system at 25 C, as shown by the solid line. Spectra were taken
after stepwise dithionite additions or irradiation, when equilibrium was achieved.
Table 2
FMN dissociation constants, midpoint oxidation–reduction potentials and Gibbs free energy of FMN-binding for H6Flr and mutant ﬂavoredoxins
Protein Em (mV) Kd,ox (nM) Kd,red (nM) DGox (kcal mol
1) DGred (kcal mol
1) DDG (kcal mol1)
H6Flr 329 0.12 ± 0.02 324 ± 40 13.5 ± 0.2 8.9 ± 0.1 4.7 ± 0.3
N29A 285 0.02 ±0.01 1.8 ± 0.9 14.6 ±0.2 11.9 ± 0.2 2.6 ± 0.3
W35A 292 0.05 ± 0.02 8 ± 2.3 14.0 ± 0.2 11.1 ± 0.2 3.0 ± 0.5
T56A 285 1.14 ± 0.02 97 ± 12 12.2 ± 0.1 9.6 ± 0.1 2.6 ± 0.1
K92A 325 0.19 ± 0.02 360 ± 40 13.3 ± 0.1 8.8 ± 0.1 4.5 ± 0.1
H131A 295 0.16 ± 0.01 30 ± 1 13.4 ± 0.1 10.3 ± 0.1 3.1 ± 0.1
F164A 302 0.15 ± 0.04 47 ± 14 13.4 ± 0.1 10.0 ± 0.2 3.4 ± 0.1
W35A, F164A 302 0.6 ± 0.2 190 ± 40 12.6 ± 0.1 9.2 ± 0.1 3.4 ± 0.2
N29A, T56A 223 1.6 ± 0.2 1.1 ± 0.2 12.0 ± 0.1 12.2 ± 0.1 0.23 ± 0.2
N29A, K92A 287 19 ± 1 1900 ± 200 10.5 ± 0.1 7.8 ± 0.1 2.7 ± 0.1
T56A, K92A 200 90 ± 4 10.1 ± 0.4 9.6 ± 0.1 10.9 ± 0.1 1.3 ± 0.2
N29A, T56A, K92A 180 790 ± 30 18.8 ± 0.6 8.3 ± 0.1 10.5 ± 0.1 2.2 ± 0.2
Em values were obtained by potentiometry in 20 mM Tris–HCl at pH 7.5 at 25 C with an estimate error estimated of ±15 mV. Kd,ox values were
obtained by ﬁtting the data to the equation described in M&M. The error given is provided by the program used for ﬁtting. Kd,red values were
calculated from Kd,ox and the redox potentials of free (Ef) and bound FMN (Eb) as described in the text. DG values for the oxidized and reduced
forms of the proteins were determined using the equation DG = RT lnKd and the values for Kd,ox and Kd,red, respectively. DDG represents the relative
change in the free energy of binding for the oxidized and reduced state of the FMN by H6Flr and mutant proteins.
4400 M. Broco et al. / FEBS Letters 581 (2007) 4397–4402shift back to 379 and 453 nm, and the resulting spectrum is
identical with that of untreated H6Flr (not shown), revealing
that ﬂavin removal is fully reversible.
3.5. Eﬀect of the mutations in the dissociation constants (Kd) of
the protein–ﬂavin complexes
The value determined for dissociation constant (Kd) for the
wild-type protein, 0.12 ± 0.01 nM, indicates that the non-cova-
lent interactions between FMN and apo-H6Flr are very strong
(Table 2, Fig. 3), conﬁrming the earlier qualitative observa-
tions that FMN is diﬃcult to remove from the protein (see
Supplementary data).
The Kd value decreases the aﬃnity for FMN (10-fold) in
T56A mutant, while the aﬃnity increased in N29A for about
6-fold. The other four single mutants (W35, K92, H131 and
F164) did not signiﬁcantly change the aﬃnity of the apopro-tein for FMN. In contrast, replacement of a pair of the three
amino acids predicted to interact with the FMN phosphate
(N29, T56 and K92) increased Kd between 13-fold (N29A,
T56A) and 750-fold (T56A, K92A), while replacement of all
three residues caused the greatest eﬀect, increasing Kd by
6600-fold to 790 lM.
The ﬂavin ﬂuorescence is largely quenched by interaction
with the apoproteins except in the mutants W35A and
W35A, F164A, where the residual ﬂuorescence at the end of
the titration was about 33% and 25%, respectively (Table 1
and Fig. 3). Similar levels of ﬂavin ﬂuorescence were observed
from the isolated forms of the holoproteins of these two
mutant proteins, suggesting that the ﬂavin in the W35 mutants
is more exposed to the solvent, and that in the native protein
the side chain of W35 is responsible for much of the ﬂuores-
cence quenching.
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Fig. 3. Fluorimetric titration of 0.01 lM FMN with apo H6Flr () and
apo W35A (h). The titration was performed in 1 ml 0.5 mM EDTA;
100 mM K2HPO4, pH 7.0 at 24 C. Excitation and emission were
measured at 445 and at 530 nm, respectively. The ﬂavin ﬂuorescence in
arbitrary units is plotted against apo Flr concentration.
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value when the ﬂavin is bound to apo-H6Flr indicating that
the reduced ﬂavin is bound more weakly than the oxidized ﬂa-
vin [11]. The redox potentials of free and protein-bound FMN
and the dissociation constants of the complexes with the oxi-
dized and reduced forms of FMN can be connected through
the thermodynamic cycle of Fig. 4, similarly to what was used
for other protein complexes [14]. Since free energy is indepen-
dent of the pathway, the free energy change for binding of re-
duced FMN by apo-H6Flr, and a value for Kd,red, can be
calculated using the equation DG3 = DG1  DG2 + DG4, where
the symbols are as in Fig. 4. Since DG3 = RTlnKd,red, DG1 =
RTlnKd,ox, D G2 = 2FEf and DG4 = 2FEb, it can be shown
that lnKd,red = lnKd,ox + 2F(Ef  Eb)/RT. This has precluded
an accurate measurement of the Kd,red (dissociation constant
in the reduced form) as the determination either of the Kd,oxFMN    +    apo-H6Flr FMN-apo-H6Flr
FMNH2    +    apo-H6Flr FMNH2-apo-H6Flr
Ef = -228 mV
ΔG2 = 10.52 kcal.mol-1
Eb = -329 mV
ΔG4 = 15.18 kcal.mol-1
Kd,ox = 0.12 nM
ΔG1 = -13.51 kcal.mol-1
Kd,red = 324 nM
ΔG3 = -8.85 kcal.mol-1
Fig. 4. Thermodynamic cycle relating free energy changes, redox
potentials and dissociation constants for the oxidized and reduced
forms of free FMN and H6Flr-bound FMN. Ef is the midpoint redox
potential for the two-electron reduction of FMN at pH 7.5; Eb is the
corresponding potential for H6Flr.(dissociation constant in the oxidized form) or the redox poten-
tial have both inherent errors. Nevertheless, the value calcu-
lated (324 nM) suggests that the reduced ﬂavin is bound less
strongly than the oxidized ﬂavin (about 2600 times). The diﬀer-
ences between the stabilities of the oxidized and reduced com-
plexes are smaller for the mutants, and in three cases (N29A,
T56A; T56A, K92A; and N29A, T56A, K92A) the relative sta-
bilities of the protein complexes with the two redox forms of the
bound ﬂavin are reversed; in these three mutants reduced FMN
is more stable than the oxidized ﬂavin, in agreement with the
diﬀerences in the free energies for binding (Table 2).4. Discussion
The apoprotein of D. gigas ﬂavoredoxin, like the holopro-
tein, was found to exist as a dimer, not requiring bound ﬂavin
for dimerization in contrast to other ﬂavoproteins which exists
as monomers and dimers [4]. This property is consistent with
the 3D model of the dimer where the two molecules of FMN
are well separated with no direct molecular contacts between
them. The dissociation constant determined for the FMN–
apo H6Flr complex in the oxidized form (Kox 0.12 nM) indi-
cates that the ﬂavin is very tightly bound to the protein and
much more tightly than to other proteins in the ﬂavin reduc-
tase family (Table 3).
Of the single mutations tested, the one that most destabilizes
the FMN–apoprotein complex is T56A, increasing the Kd 10-
fold. In the proposed model, T56 makes a hydrogen bond with
one of the oxygen atoms of the phosphate. It is the only one of
the three residues that interact with the phosphate that is
strictly conserved in the protein structures analysed. The eﬀects
on Kd of the double mutation, T56A, K92A, and of the triple
mutation, N29A, T56A, K92A, indicate that the interactions
between these residues and the FMN phosphate are synergis-
tic. A similar synergistic behavior in the binding of the phos-
phate of FMN was previously reported for ﬂavodoxin from
Anabaena PCC7119 [18].
H131 in D. gigas Flr occurs in a triplet motif (GDH) that is
characteristic of certain ﬂavin reductases, proposed to be a
major determinant in the interaction of nicotinamide nucleo-
tides with such enzymes and very close to the isoalloxazine
structure of the ﬂavin in the proposed structure of Flr. Its
replacement by alanine has little eﬀect on the Kd of the
FMN–protein complex. A similar observation was made re-
cently with the ﬂavin reductase from Aminobacter aminovorans
[19]; mutation of the corresponding histidine to alanine caused
almost complete loss of the catalytic activity but it had very lit-
tle eﬀect on the Kd of the FMN–protein complex. Mutation ofTable 3
Comparison of the dissociation constants among the ﬂavin reductase
family
Protein Microorganism Flavin Kd
(nM)
Reference
H6Flr Desulfovibrio gigas FMN 0.12 This work
FRDAa Aminobacter aminovorans FMN 600 [15]
PheA Bacillus thermoglucosidasius FAD 10 [10]]
FRP Vibrio harveyi FMN 200 [12]]
ActVB Streptomyces coelicolor FMN 4400 [16]
TftC Burkholderia cepacia FAD 2200 [17]
VlmR Streptomyces viridifaciens FAD 700 [5]
4402 M. Broco et al. / FEBS Letters 581 (2007) 4397–4402both aromatic residues (mutant W35A, F164A) caused a slight
increase in Kd, suggesting that the hydrophobic region pro-
vided by these residues on the edge of the isoalloxazine struc-
ture has some importance stabilizing the FMN–protein
interaction, however, very little eﬀect on the aﬃnity for
FMN was observed for single mutations (Table 2).
The dissociation constants estimated for the complexes of
FMNH2 (reduced riboﬂavin-5
0-phosphate) and apoprotein re-
veal that wild-type H6Flr provides less stability to the hydro-
quinone than to the oxidized FMN. The hydroquinone is
similarly destabilized in most of the mutants (Table 2). In
the model developed for Flr, the NH from the main chain of
alanine 34 is near the N(5) of the isoalloxazine ring, destabiliz-
ing the complex FMNH2-Flr. Like other ﬂavin reductases [15],
reduction of the FMN in Flr and its mutants occurs smoothly
with increasing dithionite with no accumulation of ﬂavin sem-
iquinone or other intermediates.
The changes in the redox potential of H6Flr in the mutants
further support the assignment of the ﬂavin-binding site in the
model. Surprisingly, the mutations close to the isoalloxazine
structure of the ﬂavin (W35, F164 and H131) cause rather
modest changes. This probably indicates that the important
interactions with this region of the ﬂavin involve the main
chain of the protein, rather than the side chains of individual
residues. The overall structure of the b-barrel domain to which
FMN is attached, not only in D. gigas Flr, but also to ferric
reductase from A. fulgidus and the FMN-bp from M. thermo-
autotrophicum, is more important for ﬂavin stabilization than
the side chains of the residues [6]. In the case of ﬂavoredoxin,
W35 and H131 contribute to the b-barrel, and the small eﬀects
that result from their replacement by alanine are not therefore
too surprising. Similarly to what was observed for the dissoci-
ation constants, replacement of residues forming hydrogen
bonds with phosphate causes the largest eﬀects on the redox
potential. Such eﬀect, presumably result from changes in the
relative aﬃnities of the protein for the oxidized and reduced
ﬂavin and associated modiﬁcations in the ﬂavin environment.
In conclusion, we show here that the residues interacting
with the phosphate of FMN in Flr contribute most to the bind-
ing of the ﬂavin and to the redox properties of the ﬂavin–pro-
tein complex.
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